In the present study, simulation of a divided wall column (DWC) was carried out to study the product quality and energy efficiency as a function of reflux rate, liquid spilt and vapour split for the separation of C4-C6 normal paraffin ternary mixture. Rigorous simulation of the DWC was carried out using Multifrac model of Aspen Plus software. Box-Behnken design (BBD) was used for the optimization of parameters and to evaluate the effects and interaction of the process parameters such as reflux rate (r), liquid split (l) and vapour split (v). It was found that the number of simulation runs reduced significantly for the optimization of DWC by BBD. Optimization by BBD under response surface methodology (RSM) vividly underscores interactions between variables and their effects. The predictions agree well with the results of the rigorous simulation.
Efficient design and operation of separation systems are the key to success in chemical process industry (CPI) . Distillation remains one of the most widely used and dependable separation processes in CPI, although some important developments have taken place in new separation technologies in the last two decades. Although the thermodynamic efficiency of a distillation process is low, the ease and confidence in its operation makes a distillation process the most preferred separation process. In recent years, more energy efficient distillation columns such as the Petlyuk column and divided wall column (DWC) have come up which reduce reboiler heat load for a given feed and product quality. The DWC is an integration of two simple thermally coupled distillation columns into one column by providing a vertical wall dividing the core in two parts that work as the pre-or post-fractionator and the main column. Thermodynamically, a DWC can be considered as an equivalent of the Petlyuk column [1] . The only difference between a DWC and a Petlyuk column is the stage/plate at which the liquid splitting and vapour return take place. Figures 1 and 2 show the physical setup of a Petlyuk column and a DWC, respectively.
The DWC has compact design; requires lower space and has higher energy efficiency as compared to a conventional distillation column. However, the DWC also has some drawbacks. It has nearly same pressure in the column sections, temperature difference across the dividing wall resulting in heat transfer, higher temperature span across the column and increased operational and maintenance complexity. Operational difficulty is further aggravated due to lack of any controller to adjust vapor split ratio. On a global basis, distillation columns account for a substantial portion of the total industrial energy requirement. Therefore, even an incremental improvement in the energy efficiency can save substantial amount of energy. The Petlyuk column or a DWC can save between 20 to 40% of the reboiler duty.
The DWC is built in only one shell, whereas a Petlyuk column consists of two or more columns. For a ternary mixture, the first half (main column) of a DWC separates the lightest component (A) from the Using the equilibrium stage concept, Amminudin et al. [2] elaborated on a methodology for preliminary design and optimization of a DWC. Kim [3] proposed a new structure of a fully thermally coupled distillation column with a post-fractionator for the fractionation of a naphtha reforming stream for BTX production. An energy saving up to 29% was observed by adjusting the liquid and vapour split ratios. Triantafyllou and Smith [4] suggested that the vapour and liquid split rates should not be set arbitrarily and that they must be optimized in order to find the minimum energy requirement for a given number of plates. The energy requirement in the reboiler depends strongly on the flow rate of the interconnecting streams of a DWC [5] . Rangaiah et al. [6] also noted that the vapour and liquid splits in the column have significant impact on the energy requirements of a DWC. Premkumar and Rangaiah [7] studied the retrofitting of the conventional two column systems to a DWC for several industrial applications with the aim of reducing the energy consumption. Dejanovic et al. [8] gave an effective method for the determination and optimization of stage and reflux requirements of a three-product DWC. In comparison to actual, two-columns-in-series configuration, a DWC requires approximately 43% less energy to deliver three fractions at required product specifications. A significant energy reduction was achieved with DWC structures by Errico et al. [9] . Kiss et al. [10] also found an energy savings of 10-20% for the novel process intensification alternatives based on a DWC.
Simulation studies by Dejanović et al. [11] showed a Figure 2 . Divided wall column. strikingly large energy saving in a DWC than that of a conventional configuration. Chu et al. [12] proposed a shortcut method that is based on the development of a rational and efficient net flow model and the application of the methods of Fenske, Underwood, and Gilliland, and the Kirkbride equation.
Sotudeh and Shahraki [13] presented a new method for the design of a DWC using a short-cut method based on Underwood's equations and showed that the split of the internal reflux over both sides of the middle wall of the column is bounded. They suggested a method for the selection of the proper of split ratio.
A number of researchers have reported on the design, optimization and control of a DWC using various optimization techniques and column configuretions [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The design and optimization techniques were diverse. An alternative scheme with a postfractionator, instead of the prefractionator, and a sequence of both pre-and post-fractionator were considered by Gómez-Castro et al. [14] by using genetic algorithms. The Petlyuk column with a post-fractionator was found to be less expensive. A multiobjective stochastic technique was used by Bravo et al. [15] for the optimal design of an extractive DWC. Vázquez-Castillo et al. [16] presented a methodology for the design and optimization of a DWC using genetic algorithm for quaternary distillation systems. A modified bounded Newton homotopy method was used by Malinen and Tanskanen [17] for the rigorous minimum energy calculation for a fully thermally coupled distillation column. Gutiérrez-Antonio and Briones-Ramí-rez [18] estimated a set of optimal solutions between minimum reflux (i.e., infinite number of stages) and minimum number of stages (i.e., infinite reflux) using a genetic algorithm. Ramirez-Corona et al. [19] presented an optimization model in the form of a nonlinear programming problem for fully thermally coupled distillation systems using the short-cut design method. Kiss and Rewagad [20] proposed an energy efficient control of a DWC. A number of researchers have recently reported on the control structure of a DWC [21, 22] . Asprion and Kaibel [23] discussed the fundamentals and recent advances in the DWC technology. An overview of the current research on DWC was given by Dejanovic et al. [24] and Yildirim et al. [25] .
Halvorsen and Skogestad [26] [27] [28] [29] [30] gave an accurate assessment of the potential for minimization of energy requirements of fully thermally coupled distillation columns by the V-min diagram method. This method is based on assumptions of constant molar flows, infinite number of stages, and constant relative volatilities. Their analysis relies on Underwood's equations for estimating the theoretical minimum boilup ratio. Ghadrdan et al. [31, 32] gave a shortcut design for Kaibel columns based on minimum energy diagrams and visualized that the control of a DWC operating with minimizing energy requirement and fixed product purities is more difficult than that of maximizing product purities with a fixed boil-up.
At the design stage, the positioning of the dividing wall is decided to obtain optimum vapour split ratio. This positioning cannot be changed at a later stage. On the other hand, at the time of operation, depending upon tray hydrodynamics, vapour flow rates on the two sides of the divided section are adjusted naturally in such a way that the pressure drops on both sides of the divided segment of the column are equal. This leads to a deviation in the vapour split from the designed value. Moreover, the vapour flow rate to liquid flow rate ratio (v/l) in the divided segment plays an important role on the product concentration [33] . Therefore, it is necessary that only those pairs of l and v values should be selected for optimization at which pressure drop across both sides of the dividing wall is zero. In the present work, a simulation software (Aspen Plus) is used to generate data at different operating conditions and RSM is used to find optimum operating conditions.
The number of variables used in rigorous simulation for optimization of a DWC is large. These variables interact with each other and need to be optimized simultaneously for the optimal operation of a DWC. The available process simulators are not equipped to perform such an optimization. The culling of literature shows that most of the authors optimized only one variable at a time, while keeping the other variables constant. This procedure is labour-intensive, time-consuming and expensive. In such a situation, the use of the software package like Aspen Plus™ for the solution of the mathematical model and optimization of a DWC is very tempting. However, it is difficult to connect the simulator with an external code of a classical optimization procedure. The design of experiments like Box-Behnken design (BBD) technique and response surface methodology (RSM) combined with Aspen simulation can be used to find better operating conditions for a given DWC in terms of product quality and energy requirement. RSM comprises various statistical techniques, for example BoxBehnken design (BBD) for model building and model exploitation. RSM is a useful method in the selection of such factors as affect the responses with statistical significance and also to establish regression models. RSM can be useful for impinging on the desired target, and for optimizing a response. This also helps in making a process robust. In case of multiple-response problems, the desired responses can be optimized either singly in isolation or simultaneously.
However, RSM also has some drawbacks, e.g., its sensitivity to system noise. This undermines the robustness of the RSM. BBD is used extensively for the design of experiments and estimation of optimum operating conditions. BBD under RSM permits identification of interactive effects of various parameters and their values. In the present paper, Aspen plus is used for the rigorous simulation and BBD under RSM is used for the optimization of the operational parameters of a DWC, for the purity of product quality in such a way that the reboiler duty is minimized (or energy efficiency is maximized). It is also targeted that the difference between the pressure drops across the two sections of the divided wall is zero. The reboiler duty is considered as the energy requirement for a DWC. The fractionation of n-butane, n-pentane and n-hexane (C4-C6) ternary mixture, as investigated by Gómez-Castro et al. [14] , in a DWC is taken as a case study. The use of BBD is expected to reduce significantly the number of simulation runs for the optimization of a DWC in comparison to other methods.
SIMULATION MODEL
A complete mathematical model of a distillation column is required to describe material, energy and momentum balance equations for each individual tray of the entire distillation column subject to thermodynamic constraints of vapour-liquid equilibrium (VLE). Design, simulation and operation of a DWC require the simultaneous solution of these balance equations. For a simple distillation column, the momentum balance equations are important only at the design stage. The effect of pressure drop is usually ignored during simulation stage because of its insignificant impact on vapour-liquid equilibrium. For a single distillation column, the overall column pressure (or constant pressure profile) predicts product yield and composition satisfactorily. In case of columns with connecting streams, such as Petlyuk column, connecting stream flow rates can be maintained at different pressures between two columns. Therefore, the prediction of pressure drop across each tray of a DWC is necessary.
Simple distillation column
For a simple distillation column, most of the existing models ignore momentum balance equations and rely only upon material and energy balance equations with VLE. These model equations are commonly known as MESH (material balance, VLE, summation, and enthalpy (H) balance) equations. For a simple distillation column having N stages including condenser and reboiler with one feed and two products, the typical MESH equations are known [34] . Therefore, these equations are not given here.
Lockett [35] has presented a detailed analysis of the relations between hydrostatic pressure in the down comer and the pressure drop across sieve trays. A simple version of the correlation for sieve-tray column can be expressed as a force balance equation:
where To model these additional columns and connecting streams, the balance equations are written as follows:
Component material (M) balance equation (for all j = 1,…,C):
where
Enthalpy (H) balance equation:
Pressure balance equation (between two sections):
SIMULATION
The case study data of Gómez-Castro et al. [14] for the fractionation of n-butane, n-pentane and n-hexane ternary mixture, are used for the simulation runs, using the rigorous MultiFrac model of ASPEN Plus™. The MultiFrac model can handle complex configuration of heat integrated columns. It provides simultaneous solutions of the column-describing equations and design specifications simultaneously, using Newton's method. "Connecting Streams" are used for interconnecting various columns. MultiFrac uses these connecting streams as internal variable streams and no extra specification is required for finding a solution. The impurities that can be allowed in each of the three components in the distillate and bottom products, and side stream are taken to be not more than 5 %. The number of stages is calculated by adding the number of stages in the 3-column model and the initial estimate for the design variables were obtained by decomposing the DWC in to shortcut columns as used by Amminudin et al. [2] .
For easier convergence of the simulator, molar flow rates of the reflux and connect stream r, l and v were used as input parameters. Other parameters required to be specified to operate the DWC under varying operating conditions are listed in Table 1 .
"Tray Rating" feature of Aspen Plus™ was used for calculating pressure drop. Sieve trays were used in the tray rating. The sieve tray design is easy and non-proprietary, and a large volume of data is available for the design of such trays. If designed properly, the sieve trays have capacity and efficiency comparable to other trays. The additional column design specifications required for making hydrodynamic calculations are listed in Table 2 .
The aim of the optimization exercise was to optimize the process parameters for improving the energy efficiency of a DWC with the constraint that the difference between the pressure drops across the two sections of a DWC is zero. Therefore, the structural design variables as the number of trays in the column, and the location of the feed and side draw, product and connect streams are fixed together with the feed composition and feed rate.
BOX-BEHNKEN DESIGN (BBD)
The BBD is a popular three-level design for estimating second-order models in RSM design. BBD may, perhaps, be limited for optimization of analytical methods, but it is slightly more efficient than the central composite design and much more efficient than the three-level full factorial designs [36] . The BBD can optimize the number of simulation or experimental runs needed to be carried out to ascertain the possible parametric interactions and their effects on the product quality, energy efficiency and pressure drop The sequential F-test and other adequacy measures are generally used for selecting the best model. To analyze a process or a system, the relationship between the response and the input process parameters is described as:
where Y is the response which depends on the input factors: x 1 ,x 2 ,…,x k ; f is the unknown but a real response function; and ε is the residual error which describes the differentiation that can be included by the function f. The methodology as adopted is called the response surface methodology (RSM). RSM is the relationship between the response and the input parameters as the surface of the x 1 ,x 2 ,…,x k coordinated in the graphical sense. The simulated data are used for a non-linear regression fit using a second order polynomial Eq. (13). The relevant model terms were also identified. Considering all the linear, square and the linear by linear interaction terms, the quadratic response model can be described as: 
where y is the response, β o is the constant, β i the slope or linear effect of the input factor x i , β ij the linear by linear interaction effect between the input factors x i and x j , and β ii is the quadratic effect of input factor x i [38] .
In the present study, for the separation of C4-C6 normal paraffin mixture, a three-level, three-factorial BBD was applied to investigate the DWC process parameters affecting the product quality, energy efficiency and pressure drop across the divided wall (ΔP). The factor levels were coded as −1 (low), 0 (central point or middle) and 1 (high) [39] . Table 3 shows the input parameters used in the present work. Statistical terms and their definitions used in the Design-expert software are defined elsewhere [40] . The centers of experiments were defined by preliminary simulation runs, so that the RSM technique could be used with confidence for defining the range of variables. The range of the values of the process variables, namely l, v and r, are chosen from the extreme values of these variables beyond which the convergence of the results of simulation is not achieved. BBD is generally used for fitting the second order model to provide good prediction throughout the region of interest. The second order response surface design is rotatable; this means that the variance of the predicted response is the same at all points. The selection of the response surface design is generally done on the rational basis of rotatability. Since the purpose of the RSM is to optimize the parameters and the location of the optimum is unknown a priori before conducting the experiments or running the simulation, it is desirable to use such a design that provides equal precisions of estimation in all directions. The cubic model was found to be aliased and could not be used for further modeling of simulated data.
RESULTS AND DISCUSSIONS
Model fitting and statistical analysis RSM was applied to the simulated data using the Design-Expert software version 6.0.6 (STAT-EASE Inc., Minneapolis, US). The simulated data were analyzed by regression analysis to fit the equations developed and also for the evaluation of the statistical significance of the equations. The results of the product quality, the energy efficiency and ΔP (responses) for a DWC were analysed according to the design matrix and are listed in Table 4 .
The best model was selected on the basis of the sequential F-test and other adequacy measures [41] . A manual regression method was used to fit the second order polynomial Eq. (13) to the simulated data and to identify the relevant model terms. The cubic model was found to be aliased and, therefore, was not used for further processing of the simulated data.
The sequential model sum of squares and model summary statistics were carried out to test the adequacy of the model for product quality and energy efficiency of a DWC, and the p values for all the regressions were found to be lower than 0.01. This exemplified that at least one of the terms in the regression equation had a significant correlation with the response variable. The manual regression method eliminated the insignificant model terms automatically and the resulting analysis of variance (Anova) for the reduced quadratic model summarizes the results for each response and shows the significant model terms. Tables 5-7 show the Anova results for the purity of side stream, reboiler duty and pressure drop across the divided wall of the DWC, with a model F-value of 17.7, 69561 and 1897, respectively. These F-values are much larger than 5 and imply that the model is significant.
The interaction of two factors (2FI) and the linear model were found to be insignificant using the RSM. The model summary statistic showed the regression coefficient (R For the purity of distillate, side stream and bottom product, reboiler duty, condenser duty and difference in pressure drop across the divided wall of DWC adequate precision ratios of 16.8, 13.1, 31.1, 741.1, 440.7 and 139.7, respectively, were obtained. An adequate precision ratio above 4 indicates adequate model efficacy and that the model can be used to navigate the design space.
From the Anova analysis, it was clear that the reflux rate r and square of vapour split v are highly significant for the reboiler duty of a DWC. Similarly, for the pressure drop across the divided wall, the reflux rate r and vapour split v and interaction between r and v are highly significant as compared to liquid split l. This seemingly strange result is due to the fact that the pressure drop depends strongly on the vapor flow rate whereas a change in liquid flow rate leads to only minor change in pressure drop due to variation in h ow . A normal probability plot and a dot diagram of these residuals are shown in Figure 3 for reboiler duty Q b . The data points on this plot lie reasonably close to a straight line. This means that the assumptions used in the analysis are satisfied. Figure 4 shows the relationship between the actual and predicted values of Q b, for a DWC. It can be seen from Figure 4 that the residuals are in the proximity of the straight diagonal line. Therefore, the developed models can be considered to be adequate because the residuals for the prediction of each response are the minimum. Similar plots and data analysis were obtained for the product purity D, S, B, condenser duty Q c and pressure drop
ΔP.
The 3D response surface plots of the effect of l and v for the purity of S and reboiler duty Q b of a DWC are illustrated in Figures 5 and 6 .
The point prediction option in the software was used for the optimization of the process parameters. The adequacy of the developed models was verified by carrying out the confirmatory simulation runs using test conditions, within the simulation ranges defined earlier. The final column design parameters are given in Table 8 . The optimum values for r, l and v were estimated to be 167.7, 61.9 and 34.6 kmol/h, respectively. At these values of r, l and v, the mole fractions of C4 in distillate, C5 in side stream and C6 in bottom stream were 0.99, 0.979 and 0.99, respectively, and the reboiler duty was found to be 487.58 KW. The product purities are very high. Also, the energy requirement in the reboiler by this method for the separation of C4-C6 normal paraffin mixture is found to be less than that (499.83 KW) reported by Gomez-Castro et al. [14] , for the same separation task, same top pressure and for the same total number of stages. It is found that the optimization of process parameters of a DWC can be carried out easily and satisfactorily by using BBD under RSM. This method also reduces the number of simulation runs significantly in comparison to other methods reported in literature. 
CONCLUSIONS
Simulation and optimization results of a DWC for the separation of C4-C6 normal paraffin mixture using Multifrac model of ASPEN Plus TM and RSM using Design-Expert software are presented and discussed. A three level-three factor BBD under RSM was used to estimate the effect of the process parameters on the product quality and energy efficiency of the DWC. The optimization was carried out under the condition of zero difference between pressure drops across the two section of the DWC. The optimum conditions for the purity of the product quality and energy efficiency were achieved with RSM using Design-Expert software. A manual regression method was used to fit the second order polynomial to the simulated data and to identify the relevant model terms. The cubic model was found to be aliased and was, therefore, not used for further modeling of the simulated data.
The fit of the model was checked by the determination of correlation coefficient (R 2 ). In the present case, the values of multiple correlation coefficients (R 2 = 0.978, 0.958, 0.992, 1.0, 1.0 and 0.999 for D, S, B, Q b, Q c and ΔP, respectively) indicated that only 0.04% of the variation for the product quality and energy efficiency was not explained by the model. At the optimum values of the process parameters, the distillate and bottom products are 99% pure, while middle product is 97.9% pure. The DWC process parameters were optimized with little computational efforts. The proposed method is easy and efficient to implement using ASPEN Plus TM and Design-Expert software. 
